ABSTRACT -The role of oxidative stress in the pathogenesis of liver disease in Wilson disease (WD), a genetic disorder characterized by excess hepatic deposition of copper, which generates free radicals, remains unclear. This study investigates oxidative stress on the liver and hepatic anti-oxidant responses in WD using liver specimens from affected patients showing mild liver damage (group I, n = 3), moderate or greater liver damage (group II, n = 5) and fulminant hepatic failure (group III, n = 5), and from asymptomatic carriers (n = 2). Decreased ratios of reduced glutathione (GSH) to oxidized glutathione (GSSG) and increased thiobarbituric acid reactive substance (TBARS), a lipid peroxidation product, were found in every affected patient, especially in groups II and III patients. Activities and protein expressions of Mn-dependent superoxide dismutase (Mn-SOD), CuZn-SOD, and catalase were decreased in all patients, especially in group III patients. Glutathione peroxidase activity was decreased only in group III patients. Asymptomatic carriers without any clinical manifestations showed normal TBARS level and GSH/GSSG ratio with increases in both GSH and GSSG levels. Their CuZn-SOD, Mn-SOD and catalase activities were increased. These results suggest that excessive copper-derived oxidants contribute to development and progression of liver disease in WD.
INTRODUCTION
Wilson disease (WD) is an autosomal recessive disorder. The gene responsible for it is ATP7B, which encodes a copper transporting P-type ATPase (Tanzi et al., 1993) . In this disorder, copper transport from hepatocytes to are impaired. Consequently, excess copper accumulates in various organs, particularly the liver and brain, resulting in various clinical manifestations (Scheinberg and Sternlieb, 1984; Sokol and Narkewicz, 2001) . Many precedent reports have described hepatic presentations in WD precisely (Scheinberg and Sternlieb, 1984; Sokol and Narkewicz, 2001; Anderson and Popper, 1960; Berman et al., 1991; Schilsky et al., 1991) . However, the mechanisms of copper hepatotoxicity remain unclear. It has been proposed that free radical generation by excess copper and the subsequent oxidative changes in hepatocyte organellar lipids and thiol-containing proteins account for the development and progression of liver disease (Aust et al., 1985; Hochstein et al., 1980; Sokol et al., 1994) . Several experiments using HepG2 cells have shown that proteins involved in anti-oxidant defenses in this cell line are altered dramatically by chronic copper exposure (Strand et al., 1998; Jiménez et al., 2002) . However, in humans, the magnitude of copper-derived oxidative stress and the state of anti-oxidant defense system in et Summer and Eisenburg, 1985; Ogihara et al., 1995; von Herbay et al., 1994) . Recently, oxidative stress and anti-oxidant defense systems in various liver diseases have been studied extensively, especially those in nonalcoholic fatty liver. The deep associations of oxidative tissues have been shown (Angulo, 2002; Matteoni et al., 1999; Reid, 2001; Okuda et al., 2002) .
We evaluated the magnitude of oxidative stress in the livers of patients with WD with various liver manifestations and those of carriers without any clinical manifestations. Enzymes acting against oxidative stress, including Mn-dependent superoxide dismutase (Mn-SOD), CuZndependent SOD (CuZn-SOD), glutathione peroxidase (GPx), and catalase, were also examined (Tribble et al., 1987; Sies, 1993; Fridovich, 1989) .
MATERIALS AND METHODS

Subjects
This study enrolled 13 patients (5 males and 8 females) with WD aged 3-14 years; they all had presented with liver dysfunction, but none with neuropsychological manifestations. The diagnosis of WD was made using clinical presentations, serum ceruloplasmin level, liver histology and copper contents of liver at 2-7 months after they were found to have liver dysfunction (Tables 1 and 2 ). In addition, analyses of the ATP7B gene, a gene that is responsible for WD, were performed for nine of the patients.
according to their respective clinical manifestations, liver functions and liver histological results (Tables 1 and  2) . As a histological estimation of liver injury, the stage -to the well-established METAVIR scoring system of stages F0-F4 and of grades A0-A3 (Gutteridge and Halliwell, 1990) . Two related donors (H1, father of III-2; H2, father of III-3) without obesity and smoking history were also -zygote for ATP7B mutations (Tables 1 and 2) .
Fragments of livers were obtained from 12 non-related donors for liver transplantation (9 males and 3 females) with ages of 28-42 years and were used as controls. They were entirely healthy and had no history of smoking.
Each liver sample was homogenized and sonicated in 10 mM phosphate buffer of pH 7.80. After precipitation of proteins with perchloric acid/EDTA and centrifugation at 8,000 g for 2 min, the resultant supernatant was adjusted to pH 5-6 and was further centrifuged at 12,000 g for 5 min.
The amount of total glutathione (GSH + GSSG) in the supernatant was determined according to the method described by Tietze (Summer and Eisenburg, 1985; Tietze, 1969) . In brief, the supernatant was dissolved in phosphate-EDTA buffer, PH 7.5 and was then added to a solution containing 5, 5'-dithibis [2-nitrobenzoic] acid (DTNB) and glutathione reductase. GSH-dependent DTNB reduction initiated by an addition of triphosphopyridine nucleotide was monitored with spectrophotometer at 412 nm (Shimazu UV-160; Shimadzu Corporation, Kyoto, Japan); the final volume (1 ml) of this reaction mixture contained 0.6 μmol DTNB, 1 U glutathione reductase, and 0.2 μmol triphosphopyridine nucleotide. GSSG in the supernatant was determined according to the method described by Sies and Summer (1975) (Summer and Eisenburg, 1985) . In brief, GSSG-dependent nicotinamide adenine dinucleotide (NADH) reduction initiated by the addition of 0.6 U glutathione reductase to 1 ml of the mixture containing 20mM triethanolamine and 5 μM nicotinamide adenine dinucleotide phosphate (NADP) was monitored with spectrometer at 340 nm (Hitachi 181; Hitachi Medical Corporation, Tokyo, Japan).
Thiobarbituric acid-reactive substances
The concentration of thiobarbituric acid-reactive substances in the liver which was homogenated and soniaccording to the method described previously (Gutteridge and Halliwell, 1990; Niehaus et al., 1969) .
Enzyme activities
Frozen liver samples were homogenized in 10 mM phosphate buffer pH 7.80 containing 1 mM EDTA. They were then sonicated for 1 min with icing. Total-SOD activity was measured at pH 7.8 using a commercial kit according to the method described by McCord et al. (McCord and Fridovich, 1969) . The CuZn-SOD activity was measured at pH 10.2 using the same kit. The Mn-SOD activity was calculated using subtraction of CuZn-SOD from the total SOD. The GPx activity was measured using a commercial kit according to the method described by Paglia and Valentine (1967) . Catalase activity was measured by a spectrophotometric method using H 2 O 2 as a substrate (Jiménez et al., 2002) .
Immunoblotting
100 mg of the frozen liver samples were subjected to Western blots. After electrophoresis, the membranes were then reacted with sheep anti-CuZn-SOD or sheep anti-Mn-SOD antibody (The Binding Site Ltd., Birmingham, UK), or a rabbit anti-catalase antibody (Calbiochem-Bering Corp., San Diego, CA, USA) (Inoue et al., 1998) . After washing the membranes, appropriate secondary anti-animal IgG antibodies conjugated with peroxidase (The Binding Site Ltd.) were mounted on the membranes for 1 hr. The membranes were washed and incubated in enhanced chemiluminescence reagents and bands was performed using an ultrascan laser densitometer and expressed as the ratios of the respective protein Table 3 shows that both GSH and GSSG concentrations in the two carriers were apparently higher than the respective control levels, but the GSSG/GSH ratio was at the control level. In group I, on the other hand, the GSSG concentration was high, whereas GSH concentrations were within the normal range, resulting in a GSH/GSSG ratio that was lower than those in the controls. In group II, the GSSG concentration was as high as that in group I, whereas GSH concentrations were apparently below the normal range, rendering the GSH/GSSG ratio much lower than the control level. In group III, GSSG concentration showed a level at around the upper limit of the normal range, but the GSH concentration exhibited an extremely low value, engendering an extremely low GSSH/GSH ratio.
RESULTS
The thiobarbituric acid reactive substance (TBARS) concentrations in the carriers were within the control range (Table 3 ). The TBARS concentration in group I was higher than the control level. Those in groups II and III were extremely high. Table 4 shows activities of enzymes involved in the hepatic anti-oxidant defense system. CuZn-SOD, Mn-SOD, and catalase activities in carriers were substantially increased, whereas those in groups I, II and III were decreased. Especially, the decreases in CuZn-SOD, Mn-SOD and catalase activities in group III were marked. On the other hand, the GPx activity was lower only in group III. Those in the other two groups and carriers were maintained at the control level.
The upper (a) and lower (b) panels of Fig. 1 represent, respectively, immunoblotting patterns of enzymes and their relative densitometric intensity. Protein expression levels of CuZn-SOD, Mn-SOD, and catalase in carriers were slightly higher than those of the controls, whereas those in affected patients were apparently low. In particular, low CuZn-SOD, Mn-SOD and catalase levels in with the results of enzyme activity shown in Table 4 .
DISCUSSION
Copper generates free radicals. It is therefore likely that oxidative stress accounts for the development and progression of liver damage in WD (Aust et al., 1985; Hochstein et al., 1980) . This study showed that TBARS, a lipid peroxidation product, in liver tissues manifesting mild damage (group I) were substantially high. Those manifesting moderate or more severe liver damage (groups II and III) exhibited considerably higher values than did control livers. These results provided strong evidence that lipid peroxidation actually took place in the livers of patients with WD and greatly contributed to the development and progression of liver damage in WD. On the other hand, in asymptomatic carriers, although their hepatic copper contents were more than four times higher than those of the controls, the hepatic TBARS concentrations were almost at the control levels, indicating that the copper-derived oxidative stress might be suppressed by certain anti-oxidant defense systems. Increased GSH concentrations detected in their livers would participate in the maintenance of normal TBARS level.
Low GSH concentration, together with high GSSG concentration, was observed in the livers of patients with WD, suggesting substantial alteration of a redox state in their livers. In particular, decreases in GSH concentration were prominent in patients with mild or more severe liver damage (group II) and with fulminant hepatic failure -cytes to bile during oxidative stress has been suggested by results of experiments using animals, but GSH production and the GSH -GSSG recycling system, including enzymes such as glutathione synthetase, glutathione reductase and GPx in the liver, has not been fully elucidated (Akerboom et al., 1982; Gedik et al., 2005) . The GSH depletion found in our patients might be explained to result from consumption of GSH due to the intense oxidative stress and/or decreased hepatic GSH production, although those causes were not confirmed by the results of this study.
For maintenance of the cellular reducing environment, GSH is known to be important (Griffith, 1999; Sies, 1999) . Furthermore, recent studies have shown that GSH is involved in the intracellular processing of copper Jiménez and Speisky, 2000) . In this context, GSH depletion should render hepatocytes more susceptible to undergoing copper-induced cytotoxicity.
Numerous enzymes are involved in the anti-oxidative defense system. In particular, coordinated actions of CuZn-SOD, Mn-SOD, catalase and GPx against oxidant stress have been well established (Tribble et al., 1987; Sies, 1993; Fridovich, 1989) . The sequential elimination of superoxide radical and hydrogen peroxide by synergistic action of SODs, catalase and GPx prevents the formation of hydroxyl radical, which exhibits an extremely toxic action. It has been shown that oxidative stress itself up-regulates activities of such anti-oxidative enzymes; at advanced stages of liver disease, such enzymes are down-regulated (Perlemuter et al., 2005; Sreekumar et al., 2003) . Substantially high activities of CuZn-SOD, Mn-SOD and catalase in the liver of carriers would be the cases representing such the enzyme up-regulation. On the other hand, activities and protein expressions of CuZn-SOD, Mn-SOD and catalase in group I patients manifesting mild liver damage were substantially decreased. These decreased enzyme activities would also accelerate oxidant-triggered liver injury. In particular, a decreased activity of Mn-SOD, which is localized in mitochondria and counteracts oxidant stress, might participate in mitochondrial damage leading to cell apoptosis. Reason for the decreases in activities and expression levels of such enzymes in patients at advanced stage (groups II and III) could be explained as a result of severe liver damage, but such an explanation could not be applied to patients at early stage (group I). There remains a possibility that enzyme activities in the latter patients are inherently low. In contrast, GPx activity remained at normal levels, even in patients showing moderate or more severe liver damage. Levels of GPx were decreased only in patients manifesting fulminant hepatic failure (FHF), possibly reflecting the low protein synthesis caused by a profoundly damaged liver. Nevertheless, GPx apparently behaved rather independently from other anti-oxidant enzymes in patients with WD. The GPx catalyzes the reduction of hydrogen peroxide, organic hydroperoxide and lipid peroxides through the conversion of GSH to GSSG and thereby plays a crucial role in the protection of cells against oxidative damage. In this context, it can be assumed that induction of GPx is up-regulated under oxidative stress and maintained until the liver is severely damaged.
Unlike WD with hepatic presentation, the liver of asymptomatic carriers showed substantially high activities of CuZn-SOD, Mn-SOD, and catalase. These results allowed us to assume that, aside from an increase in GSH production, increases of such enzymes also contribute to the attenuation of copper-derived oxidant stress.
This study described the great differences in hepatic anti-oxidative systems between asymptomatic carriers and patients with WD.
This peer-reviewed article is based upon a lecture presented at the 35th Annual Meeting of Japanese Society of Toxicology, June 2008 in Tokyo under the theme of "Children's Toxicology", June 2008 in Tokyo.
